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An atom diode
A. Ruschhaupt and J. G. Muga
Departamento de Qu´ımica-F´ısica, Universidad del Pa´ıs Vasco, Apdo. 644, Bilbao, Spain
An atom diode, i.e., a device that lets the ground state atom pass in one direction but not in the
opposite direction in a velocity range is devised. It is based on the adiabatic transfer achieved with
two lasers and a third laser potential that reflects the ground state.
PACS numbers: PACS: 03.75.Be, 42.50.-p, 42.50.Lc
The detailed control of internal and/or translational
atomic states is a major goal of quantum optics. Optical
elements in which the roles of light and matter are re-
versed such as mirrors, gratings, interferometers, or beam
splitters made of laser light or magnetic fields allow to
manipulate atomic waves. Further handling of the atoms
is inspired in electronic devices and integrated circuits:
atom chips [1] and atom-optic circuits [2] have been real-
ized recently. The aim of this letter is to propose simple
models for an “atom diode”, a device built with laser light
that lets the neutral atom in its ground state pass in one
direction but not in the opposite direction for a range of
incident velocities. A diode is a very basic circuit element
and many applications are feasible in atomic trapping, or
logic gates for quantum information processing.
More specifically our goal is to model an atom-field in-
teraction so that the ground state atom is transmitted
when traveling, say, from left to right, and it is reflected
if coming from the right. We shall describe (effective)
three-level and two-level atom models, for simplicity in
one dimension, to achieve the desired behaviour. In both
cases the atom is in an excited state after being trans-
mitted and, in principle, excited atoms could cross the
diode “backwards”, i.e., from right to left. Nevertheless,
an irreversible decay from the excited state to the ground
state, would effectively block any backward motion.
Let us denote by Rlβα(v) (R
r
βα(v)) the scattering am-
plitudes for incidence with (modulus of) velocity v from
the left (right) in channel α and reflection in channel
β. Similarly we denote by T lβα(v) (T
r
βα(v)) the scatter-
ing amplitude for incidence in channel α with velocity v
from the left (right) and transmission in channel β to the
right (left). We define, for incidence in the ground state,
Rˆ(v) =
{
Rl11(v) : v > 0
Rr11(−v) : v < 0
, Tˆ (v) =
{
T l31(v) : v > 0
T r31(−v) : v < 0
The potential will be such that
∣∣∣Tˆ (v)∣∣∣2 ≈ 1, ∣∣∣Rˆ(v)∣∣∣2 ≈ 0
and
∣∣∣Tˆ (−v)∣∣∣2 ≈ 0, ∣∣∣Rˆ(−v)∣∣∣2 ≈ 1 (v > 0). The ba-
sic idea is to combine two lasers that achieve STIRAP
(stimulated Raman adiabatic passage) with an additional
reflecting interaction for the ground state. The STI-
RAP method is well known [3]) and consists of an adi-
abatic transfer of population between levels 1 and 3 by
two partially overlapping (in time or space) laser beams,
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FIG. 1: Schematic connection of the atom levels by the dif-
ferent lasers (left figure) and location of the different lasers
(right figure).
see Fig. 1. The pump laser couples the atomic lev-
els 1 and 2 with Rabi frequency ΩP , and the Stokes
laser couples the states 2 and 3 with Rabi frequency
ΩS . We assume here that these two lasers are on res-
onance with the corresponding transitions. We shall
need in addition a third laser causing an effective re-
flecting potential V for the ground state component. It
could be realized by an intense laser with a large posi-
tive detuning ∆ (laser frequency minus the transition fre-
quency) with respect to a transition with a fourth level,
V (x) = W (x)h¯/2 = Ω14(x)
2h¯/4∆, Ω14 being the cor-
responding Rabi frequency. Due to the large detuning,
there is no pumping so that this type of coupling has a
purely mechanical effect. Neglecting decay, the result-
ing Hamiltonian for the atomic state, within the rotating
wave approximation, and in the appropriate interaction
picture to get rid of any time dependence, is
H3L =
p2x
2m
+
h¯
2

 W (x) ΩP (x) 0ΩP (x) 0 ΩS(x)
0 ΩS(x) 0

 , (1)
where px = ih¯
∂
∂x
is the momentum operator. The shapes
of the Rabi frequencies and the reflecting potential in
the model are Gaussian, ΩP (x) = Ωˆ Π(x, xP ), ΩS(x) =
Ωˆ Π(x, xS), W (x) = Wˆ Π(x, xW ) with
Π(x, x0) = exp
(
−
(x− x0)
2
2∆x2
)
,
but similar shapes do not alter the results in any signif-
icant way. We shall also assume for simplicity that the
shapes and widths of pump laser, Stokes laser and addi-
tional potential are equal. The location of the three laser
beams is shown in Fig. 1.
2 0
 0.2
 0.4
 0.6
 0.8
 1
-40 -30 -20 -10  0  10  20  30  40
|R ^  |
2
v[cm/s]
(a)
 0
 0.2
 0.4
 0.6
 0.8
 1
-40 -30 -20 -10  0  10  20  30  40
|T ^  |
2
v[cm/s]
(b)
FIG. 2: (a) Reflection probability
∣∣Rˆ(v)∣∣2 and (b) trans-
mission probability
∣∣Tˆ (v)∣∣2; the mass is the mass of Neon,
∆x = 15µm, xS = 140µm, xP = 170µm; three level atom:
xW = 260µm, Ωˆ = 0.2 × 10
6 s−1, Wˆ = 20 × 106 s−1 (thin
dashed line), Ωˆ = 1 × 106 s−1, Wˆ = 100 × 106 s−1 (thick
dashed line); two level atom: fˆ2 = 100 × 106 s−1 (solid line,
coincides with thick dashed line).
If the atom is incident from the left in the ground
state, it will be transfered by STIRAP to the third state
so it is not affected by V (x), and will be transmitted,
i.e. the transmission probability
∣∣∣Tˆ (v)∣∣∣2 ≈ 1, while the
other reflection and transmission probabilities for left in-
cidence in the first state will be approximately zero. If
the atom is incident from the right in the ground state,
it is reflected by the (high enough) potential V . There-
fore
∣∣∣Tˆ (−v)∣∣∣2 ≈ 0 6= ∣∣∣Tˆ (v)∣∣∣2 and ∣∣∣Rˆ(−v)∣∣∣2 ≈ 1 (v > 0).
The other reflection and transmission probabilities will
be also approximately zero.
This behavior is indeed observed solving numerically
the stationary Schro¨dinger equation with Eq. (1) by the
invariant imbedding method [4, 5].
The results are shown in Fig. 2. In a velocity range, the
“diodic” behaviour holds, i.e.
∣∣∣Rˆ(v)∣∣∣2 ≈ 0, ∣∣∣Tˆ (v)∣∣∣2 ≈ 1
and
∣∣∣Rˆ(−v)∣∣∣2 ≈ 1, ∣∣∣Tˆ (−v)∣∣∣2 ≈ 0 (v > 0). In this range
the other transmission and reflection coefficients for in-
cidence in the first state are zero. The upper velocity
boundary, vupper , for the diode with incidence from the
left is due to the breakdown of the STIRAP effect [6]
(A spontaneous decay rate Γ from state 2 to state 1
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FIG. 3: Limit vmax for “diodic” behaviour, ǫ = 0.01; three
level atom, the mass is the mass of Neon, ∆x = 15µm, xS =
140µm, xP = 170µm, xW = 260µm.
does not alter vupper significantly for Ω/Γ >∼ 100.) This
boundary can be increased by increasing Ωˆ. The lower
(negative) velocity boundary vlower for right incidence,
due to the inability of the reflecting laser to block fast
atoms, decreases when Wˆ increases, so that both bound-
aries can be adjusted independently from each other. We
may define vmax > 0 as the minimum of vupper and
|vlower|. More precisely, it is defined by imposing that all
scattering probabilities from the ground state be small
except the ones that define the diode (i.e., the prob-
ability for transmission to 3 from the left and for re-
flection to 1 from the right),
∑3
α=1(|R
l
α1|
2 + |T rα1|
2) +∑2
α=1(|R
r
α+1,1|
2+ |T lα1|
2)+ (1−|T l31|
2)+ (1−|Rr11|
2) < ǫ
for all vmin ≤ v ≤ vmax with vmin = 0.25 cm/s. In
Fig. 3, vmax is plotted versus Ωˆ and Wˆ . For the inten-
sities considered vmax is in the ultracold regime below 1
m/s. In the vmax surface, |vlower| due to reflection failure
is more restrictive in the hillside represented by circles,
whereas vupper , due to STIRAP failure, is more restric-
tive in the hillside with triangles. Considering the scales
used for Ωˆ and Wˆ , reflection failure is in general more
problematic than STIRAP failure.
There is also a lower, positive-velocity boundary for
the STIRAP effect, i.e. the STIRAP effect breaks down
at extremely low velocities, 0 < v ≪ vmin, with the laser
intensities (Rabi frequencies) of the numerical example.
This may appear contradictory since one expects better
adiabatic transfer at lower velocities. Indeed this is the
case, but only as long as the semiclassical approximation
is valid for the translational motion. For sufficiently low
velocities the quantum aspects of translational motion
become important and atomic reflection occurs.
Notice that the diode behaviour can also be obtained
for a two level atom. It is well known [7] that the three
level Hamiltonian (1) with W = 0 can be reformulated
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3
P
S
Pf  fS f  
 f  2
2
(x)S
(x)P
f
f
x
FIG. 4: Schematic connection of the atom levels by the dif-
ferent lasers (left figure) and the order of the functions fS, fP
(right figure).
in the form of a two-level one, but here we use a differ-
ent idea to construct directly a two-level potential with
the “diodic” property. Assume first that we can neglect
the kinetic term and that the motion in x direction is
classical. Let us define the two position dependent eigen-
vectors of the two level potential V ′ to be
ζ1(x) =
1√
f2P (x) + f
2
S(x)
(
fS(x)
−fP (x)
)
,
ζ2(x) =
1√
f2P (x) + f
2
S(x)
(
fP (x)
fS(x)
)
.
With the order of fS , fP ≥ 0 shown in Fig. 4 we get for
Gaussian (or similar) functions fS and fP the asymptotic
properties
ζ1(−∞) =
(
1
0
)
, ζ1(+∞) =
(
0
−1
)
,
ζ2(−∞) =
(
0
1
)
, ζ2(+∞) =
(
1
0
)
.
This means that ground and excited state are asymptot-
ically swapped. ζ1 should correspond to the eigenvalue
λ1 = 0 which results in adiabatic transfer from ground
to excited state if the atom impinges from the left, and
ζ2 should correspond to λ2 = (h¯/2)(f
2
P (x) + f
2
S(x))≫ 0,
so there will be nearly full reflection if the atom impinges
from the right. The eigenfunctions and eigenvalues define
V ′ and the two-level Hamiltonian is
H2L =
p2x
2m
+
h¯
2
(
f2P (x) fP (x)fS(x)
fP (x)fS(x) f
2
S(x)
)
. (2)
We have calculated the scattering amplitudes numeri-
cally with fP (x) = fˆ Π(x, xP ) and fS(x) = fˆ Π(x, xS)
for right and left incidence and observed the diodic be-
haviour, see Fig. 2. The two-level Hamiltonian can be
also used as a diode for incidence in the excited state.
Then it works in the opposite direction, i.e. |T r13(v)|
2
≈ 1,
|Rr33(v)|
2
≈ 0 and
∣∣T l31(v)∣∣2 ≈ 0, ∣∣Rl33(v)∣∣2 ≈ 1. This is
not the case for the Hamiltonian (1) unless an additional
potential acting on the third level is added.
Let us return to the three-level atom to study the pos-
sible effect of decay from the third state to the first state
v  > 00 W(x)Ω (x)S
Ω (x)P
xS xP xV x0x0
v  < 00
FIG. 5: Scheme for the time-dependent simulation including
decay. The mass is the mass of Neon, xS = 140µm, ΩˆS =
0.2×106 s−1, xP = 170µm, ΩˆP = 0.2×10
6 s−1, xW = 260µm,
Wˆ = 10 × 106 s−1, ∆x = 15µm, x0 = 40µm (v0 > 0) or
x0 = 360µm (v0 < 0), and ∆v0 = 0.1 cm/s.
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FIG. 6: Probability pˆr of traveling to the right after tmax =
400µm/v0; vrec = 3 cm/s, γ = 20 s
−1 (down-pointing tri-
angles); vrec = 3 cm/s, γ = 40 s
−1 (up-pointing triangles);
vrec = 6 cm/s, γ = 20 s
−1 (circles); n = 1000 trajectories; the
dashed line indicates pˆr = 0.95; other parameters in Fig. 5.
with a relatively small decay rate γ. This is unlikely a
spontaneous process but it can be forced by a laser cou-
pling of the third state to an auxiliary state decaying
to the ground state. The process may be characterized
by an effective decay rate from 3 to 1 [9]. We examine
the time-dependent case, see Fig. 5, by means of a one-
dimensional master equation which includes the effect of
recoil (see [8])
∂
∂t
ρ = −
i
h¯
[H3L, ρ]− −
γ
2
{|3〉〈3|, ρ}+
+ γ
∫ 1
−1
du
3
8
(1 + u2) exp
(
i
mvrec
h¯
ux
)
|1>
×〈3|ρ|3〉 〈1| exp
(
−i
mvrec
h¯
ux
)
. (3)
The initial state at t = 0 is ρ(0) = |Ψ0><Ψ0|, namely a
Gaussian wave packet with mean velocity v0,
Ψ0(x) =
1
N

 10
0

 exp
(
−
∆v0m
2h¯
(x− x0)
2 + i
v0m
h¯
x
)
,
where N is a normalization constant. We solve the
master equation by using the quantum jump technique
[10]. Let tmax be a sufficient large time such that the
4resulting wave packet Ψj(tmax) of nearly every quantum
“trajectory” j separates in right and left moving parts far
from the interaction region but possibly with third state
components (not decayed yet at tmax). By averaging over
all trajectories we get
pˆr =
∫
∞
0
dv (〈v|ρ11(tmax)|v〉 + 〈v|ρ33(tmax)|v〉) (4)
which is plotted in Fig. 6 as a function of v0 for differ-
ent γ and vrec. The error bars, defined by the absolute
difference between averaging over n/2 and n trajectories,
are smaller than the symbol size.
A value pˆr(v0) ≈ 1 for v0 < 0 means that nearly all
atoms coming from the right are reflected. The reflection
probability is not affected by the decay since the reflected
atoms are rarely excited during the collision.
A value pˆr(v0) ≈ 1 for v0 > 0 means that nearly all
atoms coming from the left are transmitted and will be
finally in the ground state moving to the right. This
is true for v0 ≥ 8 cm/s (with pˆr(v0) ≥ 0.95) for all ex-
amined combinations of decay rate γ and recoil velocity
vrec. Therefore for not too low velocities a large part
of the atoms will be transmitted and stay finally in the
ground state, i.e. the atom diode works also with decay
and recoil, with the advantage that decay prevents the
backward motion of excited atoms. The decrease of pˆr
for low, positive velocities is due to the atom decay before
passing the potential W (x)h¯/2.
Summarizing, we have presented a simple model for an
atom diode that can be realized with laser interactions, a
device which can be passed by the atom in one direction
but not in the opposite direction.
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